We report a 1030 nm-wavelength Yb:fiber laser that produces the shortest/direct output pulse duration (502 fs) among all-normal-dispersion fiber lasers at the highest repetition rate (605 MHz) among the passively fundamentally mode-locked fiber lasers. The laser also exhibits an optical efficiency of 70% at CW and 65% at mode-locking modes.
Compact high repetition rate femtosecond fiber lasers attracted a lot of interest in frequency metrology, particularly in high-precision calibration of astronomical spectrographs [1, 2] . Yb:fiber lasers are more favorable to this application to become a so-called astrocomb because their wavelengths are easy to extend to visible range.
Unfortunately, astrocombs require tens of GHz frequency spacing that is not easily accessible in fiber lasers. Harmonic mode locking, either passively or actively, has been considered as one of the choices to directly obtain GHz level pulse rate [3] [4] [5] [6] [7] . However, Herr et al. have recently revealed that the harmonic mode locking, although it multiplies the repetition rate, does not expand the mode spacing but just resets the phase of each fundamental mode [8] . On the other hand, Sobon et al. [6] have shown that such multiplication of the modes spacing is possible to observe. Those two papers suggest that the mechanism of passive harmonic modelocking is not fully understood and controlled yet.
A feasible common way to access such frequency spacing is to multiply repetition rate of the laser to the desired one with a Fabry-Perot (F-P) cavity [9] . However, one must compromise the linewidth and the transmission bandwidth of the F-P cavity, to achieve higher side mode suppression [1, 10] . To avoid using very high fineness F-P cavities, one would prefer to make the fundamental repetition rate as high as possible.
Ilday et al. achieved 200 MHz rate operation in a stretched-pulse Yb:fiber laser. However, their work toward a higher repetition rate was restricted by the physical size of fiber and spatial components [11] . They predicted that the repetition rate could be increased to as high as 250 ∼ 300 MHz by shrinking the free-space region and minimizing the undoped fiber length with a careful engineering effort [11] , which is experimentally proved in our lab since we achieved a 285 MHz mode-locked Yb:fiber laser with commercially available components [12] . The repetition rate up to 570 MHz in stretched-pulse laser with an intracavity transmission grating pair and high doping fiber was demonstrated by Wilken et al. in an Yb:fiber ring laser [13] . The pulse width was claimed to be 50 fs.
On the other hand, all-normal-dispersion fiber lasers are promising for high repetition rate operation because they simply do not use spatial dispersion components [14, 15] . The highest repetition rate all-normal-dispersion fiber laser to date has been 570 MHz with high doping gain fiber and high pump power (up to 1.4 W). However, due to the strong filtering of the single grating diffraction, the pulse width was restricted to 840 fs [13] . It should be noticed that in the above two 570 MHz repetition rate fiber lasers, the pump beam was spatially coupled into the fiber by a dichroic mirror, rather than by a conventional WDM, in order to shorten the cavity.
In this Letter, we report a 1030 nm-wavelength Yb:fiber laser working at 605 MHz, which produces the shortest, direct (uncompressed) pulse duration among all-normaldispersion fiber lasers at the highest repetition rate among fundamental-harmonic passively mode-locked fiber lasers, to our knowledge. It also exhibits optical efficiency ∼65%, which we believe to be the highest reported for passively mode-locked single-clad fiber lasers to date. The experiment employs the standard all-normaldispersion ring cavity configuration as shown in Fig. 1 , which includes a gain fiber, two collimators and several free-space polarization controlling components. The major limitation to the high repetition rate operation of an all-normal fiber laser is reckoned to be the weak nonlinearity due to the lack of pulse compression mechanism. Fortunately, previous simulations showed that the ultimate spectrum bandwidth of the pulse tends to be broader (consequently the pulse width can be shorter) as the cavity group delay dispersion (GDD) is reduced under the same pump power [16] . This simulation and the following experiments demonstrated that under the same pump power, as the cavity GDD is reduced, the intracavity pulses, although uncompressed, can be shorter than in long fiber cavities so that the peak-power-induced nonlinearity is not going to be an immediate limitation. An increased pump power may help to keep the high nonlinearity too. This finding opens the route for the minimum pulse duration generated in all-normal-dispersion fiber lasers, particularly for the large mode spacing frequency comb generation that can be benefited from the short pulses.
The practical limitation is the physical length of the fiber components. The major components are the gain fiber, the fiberized WDM and the isolator. We employed 12 cm long highly doped silicate fiber with an absorption over 1600 dB∕m at 976 nm. In addition, we modified a reflection type WDM by removing the output signal fiber, instead outputting a collimated beam in free space (see inset in Fig. 1 ). In this way the pump beam is reflected by the dichroic mirror (transmissive at 1030 nm and reflective at 975 nm) into the common fiber, as shown in Fig. 2 . We call this component the "WDM Collimator."
Although a pill-sized isolator is available that could shorten the cavity, we stay with the bulk Faraday rotator, because the pill-sized isolator introduces too much absorption loss. The only technical improvement we made is that we glued the half-wave plate on to the exit of the Faraday rotator to save the space of the waveplate holder. In addition, the PBS size was chosen to be 5 mm cubic instead of commonly used half-inch. All above measures made the laser cavity very compact. The total fiber length is roughly 24 cm, and the free-space length is 12 cm. The total cavity GDD is 0.0057 ps 2 (calculated for the cavity under the repetition rate of 605 MHz).
Since the pump power is coupled via the WDM collimator, the cavity alignment is simply the collimation between the two collimators. The collimator alignment was very easy and very stable against vibrations and temperature variations. All other free-space components are transmissive and the rotation of those does not alter cavity the alignment.
The fiber laser was pumped by a combination of two single mode coupled diodes that supplied a total power up to 850 mW. The dependence of the output power from the PBS on the pump power is shown in Fig. 3 . At the maximum pump power, the laser delivers an output power of 600 mW at CW, indicating an overall efficiency of ∼70%, which is the highest efficiency in a single-clad Yb:fiber laser to our knowledge. The high efficiency is attributed to the lower loss caused by the short fiber length as well as by the low loss WDM coupling. However, the mode-locking threshold is as high as 800 mW, very close to the upper margin of the available pump power. When mode locked, the laser delivered a maximum average output power of 550 mW, or 65% of the efficiency over the pump power. The corresponding single pulse energy is 0.92 nJ. The spectral width (FWHM) of the output pulse was 23 nm [ Fig. 4(a) ] and agrees well with the simulated profile in Fig. 4(b) . The parameters used for simulation were the same as mentioned in [12] . The measured intensity autocorrelation trace of the direct output is shown in Fig. 5(a) with a FWHM of 710 fs. The direct output pulse is estimated as 502 fs with a deconvolution factor of 1.414. Compared with the transform limited pulse 91 fs, the output pulse was slightly chirped by an equivalent GDD of ∼2300 fs 2 . The dechirped pulse with gratings of 600 grv∕mm at a separation of 9.7 mm providing GDD of −0.01621 fs 2 is 107 fs [ Fig. 5(b) ], which is within 20% of the Fourier-transform limit if a Gaussian profile is assumed.
The direct short pulse output (502 fs) and the small difference between the chirped/dechirped pulse durations (502 fs∕107 fs) is remarkable compared to [13] [14] [15] [16] . This is mainly due to the short fiber cavity that gives very small overall dispersions on the output pulses.
The high repetition rate, short output pulse, and high average power promise that the all-normal Yb:fiber laser will be a possible direct source of octave spanning spectrum for frequency comb generation. The laser has turn-key operation and the mode locking maintains for over 150 hours in the test. The uncertain point of an all-normal-dispersion fiber laser for the frequency comb generation could be the broader free-running frequency offset linewidth by positive cavity GDD a 100 MHz repetition rate [17] . Further investigation is required for the laser under a much higher repetition rate.
In conclusion, we have demonstrated an all-normaldispersion Yb:fiber ring laser operated at up to 605 MHz fundamental repetition rate. The laser delivers an average output power of 550 mW at a pump efficiency of 65%, and the shortest uncompressed pulse of 502 fs. The further higher repetition rate operation and further shorter pulse generation are possible by a higher pump power and phosphosilicate fibers that have a higher dopant concentration than silica-based ones.
